In order to improve bulb productivity and ornamental characteristics in tulips, it is necessary to increase genetic variation by using breeding techniques such as overcoming of interspecific barrier, embryo rescue of abortive embryos and induction of polyploids. To identify interspecific barrier between species, crossing experiments have been studied about fifty years ago and recently embryo rescue technique just has been attempted in Holland. In polyploid breeding, colchicine treatment is a common technique to produce polyploids, whereas nitrous oxide has been applied to zygotes as a polyploidizing agent in various crops. This paper reviews some of the literature and our results regarding to embryo rescue technique and also reports on the usefulness of 2n pollen induced with nitrous gas in tulip breeding.
INTRODUCTION
Tulips were introduced into Europe from Turkey in the 16 th century (Killingback, 1990) . Thereafter many varieties have been developed and more than three thousand varieties are entered into the "Classified List of Tulip Names" (Van Scheepen, 1996) . Bulbs of tulips have been produced over 7,000 ha in the world (Le Nard and De Hertogh, 1993) and recently production of bulb has increased in the countries situated in the Southern Hemisphere such as Australia, New Zealand and Chile, where the harvest time of bulbs differs from that of the northern countries, and thus cut flowers of tulips can be distributed to markets all year round. In Japan, tulip was introduced in 1904 and has been produced mainly in Niigata and Toyama where sixty-seven million bulbs are produced annually on 400 ha and a hundred varieties have been developed by private breeders and public research centers. The Toyama Vegetable Ornamental Crops Research Station has developed cultivars which are suitable for Japanese climate. Twenty-four varieties including 'Kikomachi' which is a leading variety in Toyama, have been released.
In tulips, it seems that the major cultivar group originates from crosses of several species (Killingback, 1990) . Therefore a collective name of Tulipa gesneriana is given for a large number of varieties. T. gesneriana reveals much morphological and physiological difference, owing to contribution of several species in the process of the speciation. Using such genetic variation, many varieties have been developed mainly in Holland (Van Scheepen, 1996) . However, many crosses among the varieties have already been done and thus it is difficult to produce newer varieties from intraspecific crosses.
Interspecific hybridization generally makes more genetic variation than intraspecific hybridization and valuable specific traits of the wild species such as disease resistance can be introduced into cultivars through interspecific hybridization. In Lilium, two major horticultural lily groups, referred to as 'Asiatic Hybrids' and 'Oriental Hybrids', have been developed from interspecific hybridization in a surprisingly short time. On the other hand, in tulips, only one interspecific hybrid group, Darwin Hybrids, has been developed from the cross of T. gesneriana L. x T. fosteriana since 1942 (Lefeber, 1960) . Most of the Darwin Hybrids tulips are triploids (Zeilinga and Schouten, 1968a 'Red Emperor' as pollen parent. To improve flower color variation of Darwin Hybrids, it is needed to produce more seedlings by rescue of abortive embryos. However, the application of interspecific hybridization to tulip breeding has been limited because techniques for overcoming interspecific incongruity are not well enough developed.
Recently embryo rescue techniques have been developed to overcome interspecific incompatibility of tulips (Custers et al., 1992 (Custers et al., , 1995 Van Creij et al., 1999 . The authors demonstrated that ovule culture was possible by using smaller embryos compared to embryo culture, but this paper shows that embryo culture is also useful to rescue abortive embryos obtained from incongruous crosses. In addition, this paper reports ploidy levels of progenies obtained from interspecific hybridization and production of 2n pollen by applying N 2 O for bulbs at meiotic stage in polyploid breeding.
INTERSPECIFIC HYBRIDIZATION
The genus Tulipa, in which about 55 species are included, are divided to two sections, Leiostemones and Eriostemenes which are subdivided to subsections (Hall, 1940; Van Raamsdonk and De Vries, 1995) . Several species have been distributed to markets. T. gesneriana belonging to section Leiostemones, subsection Armena is major cultivar group. T. fosteriana belonging to section Leiostemones, subsection Eichleres is second position in commercial markets. Wide interspecific hybridization has attempted to improve agronomic trait such as disease resistance, strong growth vigor and special flower colors (Upcott and Philp, 1941; Kho and Baër, 1971; Hagiya, 1971; Van Eijk et al., 1991; Van Creij et al., 1997a , b, 1999 . Crosses between species of the two sections have not succeeded thus far, but crosses between subsection Gesnerianae and subsection Eichleres are partially compatible. As a result, Darwin Hybrids have been developed from the interspecific cross of T. gesneriana x T. fosteriana where T. fosteriana 'Red Emperor' was exclusively used as pollen parents (Lefeber, 1960; Killingback, 1990) and the obtained hybrids are mostly triploids. This polyploidization could be due to 2n pollen occurring in T. fosteriana 'Red Emperor' (Kroon and van Eijk, 1977) . But in the measurement of pollen size of 'Red Emperor', we could find a few diploid pollen grains (Okazaki, unpublished data) .
Embryo rescue techniques are useful for overcoming interspecific incongruity in various species (Asano and Myodo, 1977; Van Tuyl et al., 1991; Okazaki et al., 1994) . In tulips, Custers et al. (1992 Custers et al. ( , 1995 compared two embryo rescue techniques in intraspecific crosses and demonstrated that ovule culture was possible by using smaller embryos than embryo culture. Custers et al. (1995) applied direct ovule culture to the interspecific cross of T. gesneriana x T. kaufmanniana, which is hampered by embryo breakdown, and they accomplished successful rescue of abortive embryos. Moreover Van Creij et al. (1999) developed another type of embryo rescue technique that is ovary-slice culture followed by ovule culture, by which the germination percentage of hybrid seeds was mostly comparable to direct ovule culture. By using ovary-slice culture followed by ovule culture, unique hybrids have been obtained from the interspecific crosses of T. gesneriana x T. praentans and T. gesneriana x T. agenesis (Van Creij et al., 1999) . In lilies, very small immature embryos can be rescued by using ovule culture on MS medium (Van Tuyl et al., 1991) and embryo culture (Okazaki et al., 1994) . It is considered that embryo culture and ovule culture are equally useful for culture of abortive embryo in interspecific crosses of lilies. Therefore, we attempted to re-examine usefulness of embryo culture to rescue immature embryos obtained from intra-and interspecific crosses with T. gesneriana.
Culture of Embryos and Ovules Obtained from the Intraspecific Crosses
Cultivars used for the experiment were 'Christmas Marvel', 'Demeter' and 'Ile de France' of T. gesneriana. In the intraspecific cross of 'Christmas Dream' x 'Ile de France', growth of embryos in 2002 was faster than in 2003. In ovule obtained 5-6 weeks after pollination, embryos were proembyonal cell mass (<0.1 mm) in 2002 and at that time it was impossible to excise embryos for culture. Embryos in ovule reached mature embryos size (3 mm) 10 weeks after pollination (data not shown).
Size of excised embryos and results of embryo culture and ovule culture are shown in Table 1 . In the crosses of 'Demeter' x 'Christmas Dream', embryo and ovules obtained 7 weeks after pollination in 2002 were cultured on half strength MS medium containing 0.2% Gellan gum (Wako Pure Chemical Industries, Ltd, Japan) and 3% sucrose. At that time, the size of the cultured embryos was 0.6 ± 0.3 mm on average. Although it was difficult to observe embryos in the cultured ovules without destruction of the ovule, we confirmed that most of the thicker ovules contained embryos and the only thicker ovules were chosen and directly placed on the MS medium. Bulblets were efficiently formed in embryo culture and ovule culture after the sequential temperature treatment in that the cultured embryos and ovules were incubated at 20°C for 5-6 weeks and sub-cultured to MS medium and then were incubated at 5°C during 8 weeks from July to September and finally were incubated during 12-15 weeks at 15°C darkness. In the embryo culture, the rate of bulblet production was 80.7% and in the ovule culture, 78.3%. Similarly, in the cross of 'Christmas Dream' x 'Ile de France', embryos and ovules efficiently formed bulblets. There were no significant differences on the bulblet production between embryo culture and ovule culture by t test (Table 1) .
Size of embryos varied among ovules obtained even in a pod obtained from given weeks after pollination (Table 1) . So we arranged data of bulblet production based on size of the cultured embryos ( Fig. 1) . Most of the cultured embryos (>0.7 mm in length) and half of the small embryos (0.2-0.6 mm in length) were possible to culture. Finally efficient bulblet production was accomplished in any size of embryos except for the range of 0.2-0.6 mm in length.
Most of the cultured ovules formed bulblets through normal germination after the sequential temperature treatment. In the case of embryo culture, some embryos grew normally on the medium and reached mature embryos size 5 weeks after culture, others expanded in width while still others became crescent shape instead of the normal stick shape. After cold treatment, the cultured embryos produced bulblets through both of germinative manner and adventitious bud. Custers et al. (1995) showed that reasonable success was obtained only when culture of embryo obtained from the intraspecific crosses was started with embryos of about 3 mm length (9 weeks after pollination), whereas in ovule culture, a better result was obtained when cultures were started 6 weeks after pollination (when embryos were only 0.3-0.7 mm long). On the other hand, we showed that small embryos of about 0.2-0.6 mm length 6 weeks after pollination were possible to culture and bulblet yield of embryo culture was comparable to that of ovule culture. Temperature at which pollination is conducted plays an important role for seed set in tulips (Kho and Baër, 1971; Okazaki and Murakami, 1992) . Custers et al. (1995) set greenhouse temperature at 15°C, whereas, in this experiment, crosses were made in the field. It is considered that field condition promotes embryo growth and consequently the cultured embryos were more mature when compared to Custers et al.'s (1995) experiment. However the only differences in culture temperature cannot explain the rate of embryo growth on medium, because the two experiments fairly differed in the size of embryo that could be cultured on MS medium.
Moreover composition of medium between the two experiments differed in that Custers et al. (1995) used half strength MS medium containing 4% sucrose, 500 mg/l trypton, 4 nM 1-naphtalenacetic acid and 0.75% agar, whereas we used half strength MS medium containing 3% sucrose and 0.2% Gellan gum. Further studies are needed to determine which factor affects the growth of embryos in the culture.
Culture of Embryos and Ovules Obtained from the Interspecific Crosses
Interspecific crosses of T. gesneriana x T. fosteriana 'Red Emperor', T. gesneriana x T. eichleri 'Exelsa' and T. gesneriana x T. greigi were conducted in the field. Four to twenty-six flowers of T. gesneriana were pollinated to the other species and most of the flowers set pod and the rate of pod set ranged from 80% to 100%. Excised embryos and ovules were placed on culture medium 6-8 weeks after pollination. Table 2 represents normal seed ripening on the plant and bulblet production in embryo and ovule culture.
Normal seeds were sown in soil and were treated with cold temperature at 5°C for 8 weeks. After that seeds were transferred to greenhouse and then rate of germination was observed. A few bulblets were formed from seeds obtained from normal ripening on the plants (7.4-17 seeds per pod). Embryo culture and ovule culture yielded a higher number of bulblets than normal seed ripening. There were no differences on rate of bulblet formation between embryo culture and ovule culture.
Which method is better for rescue of immature embryo? In ovule culture, all ovules excised from ovaries must be cultured without regard to presence or absence of embryos, because it is impossible to check if ovules contain hybrid embryos at the beginning of the culture. In this respect, therefore, ovule culture is more laborious than embryo culture. Embryo culture ensures to take hybrid embryos from the only ovules contained embryos, but it is troublesome to operate small embryos. If relatively many immature embryos are formed in one interspecific cross, ovule culture should be chosen. On the other hand, if only some ovules included hybrid embryos are formed in an ovary, embryo culture will be suitable for rescue.
Ploidy Level of Progeny Obtained from the Interspecific Crosses
Ploidy levels of normal seedlings that germinated in soil and obtained through embryo culture in the intra-and interspecific crosses were analyzed using a flow cytometer (Table 3) . Relative DNA content of diploid tissue of bulb scales was 111 ± 1.5 in T. eichleri, 112 ± 1.5 in T. fosteriana and 142 ± 3.5 in T. gesneriana. Diploid hybrids had intermediate relative DNA contents between the two species and triploid hybrids had about 1.5 times relative DNA contents when compared to diploid parents. When seeds obtained from the interspecific hybrids were sown in soil, a few normal seedlings were produced with the low germination rate (0.6 to 20%). All of the seedlings were diploid in the progenies obtained from the intraspecific crosses except for the cross of 'Christmas Dream' x 'Ile de France'. In interspecific crosses, most of the seedlings were diploid when 'Gander' and 'Ile de France' were used as female, whereas when 'Christmas Dream' was used as female parent in the interspecifc crosses, triploids predominantly appeared in the progeny and the rate of triploid production in seedlings ranged from 18.2 to 100%. It is likely that 'Christmas Dream', which gave the high rate of triploid production, may produce 2n egg.
On the other hand, in the culture of embryos obtained from interspecific crosses including 'Christmas Dream' x T. fosteriana and T. eichleri, a few triploids were found. There was a difference on rate of triploids between the two types of the seedlings, which germinated in soil and were obtained through embryo culture in the crosses of 'Christmas Dream' x T. fosteriana and T. eichleri. This shows that the triploid condition of the interspecific seedlings promotes germination rather than abortion of embryos when compared to diploid condition. It is considered that a high ratio of triploids occurring in the first generation of the progeny is one of the reasons why triploid Darwin Hybrid tulips predominantly appear in the cross of T. gesneriana x T. fosteriana.
INDUCTION OF 2N POLLEN BY ARRESTING MEIOTIC PROCESS WITH NITROUS OXIDE GAS IN TULIPS
Colchicine treatment is a common technique to produce polyploids. In tulips, however, it is difficult to treat vegetative meristems with colchicine because the vegetative meristems are included in noses inside bulbs. Sexual polyploidization is directly producing diploid gametes and can transmit large heterozygosity to the polyploid offspring. Diploid pollen has been used to overcome interploidy barriers between 4x and 2x species and to transmit the important agronomic trait from diploid wild alleles to tetraploid cultivars in potato (Hanneman and Peloquin, 1968) , in alfalfa (Veronesi et al., 1986) , in orchard grass (Van Santen et al., 1991; Maceira et al., 1992) , and in white clover (Bullitta et al., 1995) . In addition, Asano (1984) and Van Tuyl et al. (1989) reported that 2n pollen is useful to overcome pollen sterility in interspecific hybrids of lilies.
Nitrous oxide has been applied to zygotes as a polyploidizing agent in Crepis (Östergren, 1954, 1957) , Russian wild rye (Berdahl and Barker, 1991) , red clover (Taylor et al., 1976) , tulips (Zeilinga and Schouten, 1968b) , Melandrium (Nygren, 1955) , oat , barley and wheat (Kihara and Tsunewaki, 1960; . Recently Kato (2002) applied nitrous oxide to maize haploid seedlings and demonstrated the efficient double haploid production. Gaseous nitrous oxide easily enters into internal tissues and has less residual effect after treatment than colchicine because the gas is rapidly released from the tissues after treatment. In tulips, pollen meiotic division occurs inside bulbs in October when stems do not elongate before planting of bulbs. Thus pollen mother cells can be treated with nitrous oxide gas, but not with colchicines. Östergren (1954) showed that the action of N 2 O could be due to disruption of the spindle mechanism in cell division and it might be possible to obtain fertile diploid or tetraploid pollen grains by treating the meiotic divisions with nitrous oxide. However, there is no report to induce 2n pollen by arresting meiotic process with N 2 O. In the following, a new method of 2n pollen production in tulip breeding is reported.
N 2 O Treatment and 2n Pollen Yield
In tulip, pollen meiotic division occurs inside bulbs in October. To verify the meiotic stage of pollen mother cell (PMC), 3 to 5 bulbs were sampled from each variety. Immature anthers were taken by dissection of bulbs and PMCs were squeezed from anther locules and then observed by acetocarmine staining. When more than 50% of the sampled bulbs were at the stage of meiotic metaphase I, the others of the same clones were treated with N 2 O gas. Ten to forty bulbs per variety were treated with the gas at room temperature at 6 atmospheres (N 2 O:O 2 = 5:1) in a high pressure-resistant cylinder (20 cm inner diameter, 100 cm long, with silicone rubber). To avoid damage of the treated bulbs, it took over 5 minutes to fill the gas in and out the cylinder. The lengths of the treatment were for 24 hours, 48 hours and discontinued 48 hours (bulbs were treated with N 2 O during 24 hours and were taken out of the cylinder and stored 24 hours in room condition and then treated again during 24 hours).
By treating bulbs with nitrous oxide before planting, mixed pollen grains of different size were induced in 'Christmas Marvel'. The effect of nitrous oxide varied among plants and the rate of giant pollen ranged from 0 to 91%. N 2 O-treated plants were classified based on the 4 scores according to the rate of putative 2n pollen (none: 0 to 2%, slight: 3 to 10%, moderate: 11 to 30%, high: 31%<). When nitrous oxide was given to bulbs for more than 24 h, the rate of giant pollen tended to increase and the percentages of plants classified as score "high" in the 24h-, 48h-, discontinuous 48h-treatment were 19.1, 36.4 and 53.0%, respectively.
Characterization of Pollen Size Distribution
Diameters of normal pollen grains were measured in diploid and tetraploid varieties to distinguish between n and 2n pollen. In T. gesneriana, the pollen diameter of diploid 'Christmas Marvel' ranged from 50 to 70 µm and was 59.0 ± 3.6 µm on average ( Fig. 2A) . The other diploid varieties, 'Negrita' and 'Gander', showed a similar distribution (61.5 ± 2.8 µm and 59.2 ± 3.8 µm, respectively). In the tetraploid 'Mrs. John T. Scheepers' of T. gesneriana and the tetraploid 'Ollioules' of Darwin Hybrids, the diameters of pollen grains ranged from 70 to 85 µm (77.5 ± 4.4 µm on average) and 65 to 85 µm (74.6 ± 4.0 µm), respectively. Since pollen size of diploids and tetraploids were overlapped at the range around about 70 µm in diameter, therefore, we used a criterion on which pollen over 75 µm was regarded as putative 2n pollen.
Pollen size distributions of the control and the N 2 O-treated T. gesneriana 'Christmas Marvel' are shown in Fig. 2A and Fig. 2B-F , respectively. The N 2 O-treated plants had various distributions for pollen diameters that were narrow (Fig. 2B) , bimodal ( Fig. 2C) and wide (Fig. 2D) . One example of the successful results was obtained in T. fosteriana 'Purissima' (Fig. 3A-B) , in which giant pollen grains were efficiently formed and abnormal budding-like pollen grains showed abnormal meiotic division due to nitrous 132 oxide gas treatment. The discontinued 48 hr N 2 O-treatment produced more giant pollen over 100 µm in diameter in 'Christmas Marvel' (Fig. 2F ). There were three-sizes of pollen, i.e. small, middle and big, corresponding to n, 2n and 4n ploidy level, respectively (Fig.  3C-D) .
Generally inhibitors of tubulin polymerization, such as colchicine, induced not only euploid, but also anueploid having abnormal chromosome numbers (Iizuka and Ikeda, 1968) . In this experiment, budding-like pollen shape observed in the N 2 O treated plants might be related to abnormal chromosome separation (Fig. 3) .
Sieving Mixed Pollen of Different Size
To manipulate 2n pollen frequencies, we immersed N 2 O-treated pollen in 10% sucrose and sieved giant pollen from mixed pollen of different sizes with nylon mesh (75 µm). It was possible to separate n and 2n pollen reliably. Pollen passing through the mesh was 60.3 µm ± 4.6 and that remaining on the mesh was 81.4 µm ± 12. The collected pollen grains were filtered again twice and were concentrated by centrifugation for 3 min at 800 g. After centrifugation, the supernatant was decanted and pollen grains were suspended with twice the volume of the pollen grains' pellet. The aliquot of the suspended pollen was placed on stigmas with a micropipette.
Crosses with N 2 O Treated Pollen
There was no significant difference in pollen fertility between the control (45%) and the N 2 O-treated plants (41.6%) in 'Christmas Marvel'. In crosses of the diploid x the N 2 O-treated plants, the rate of capsule set was mostly equal to that of crosses among the control plants, whereas the number of seed per capsule reduced compared to crosses of the control plants.
Chromosome numbers were determined in progenies derived from 2x x 2x crosses and from crossing between diploids (2x=24) and N 2 O-treated plants (Table 4) . No polyploids were obtained in the control crosses and also in N 2 O-treated crosses without sieving. But triploids and tetraploids were obtained when the N 2 O-treated pollen was sieved and pollinated to the diploid parents. The ratio of polyploid ranged from 4 to 18%.
Even in the crosses using pollen suspension in which the ratio of giant pollen was increased by sieving, a small number of polyploids were observed. The N 2 O-treated pollen contained many n pollen and aneuploidy pollen of different size (Fig. 2) . Okazaki and Nishimura (2000) , in their crossing experiment of the 2x -3x crosses of tulips, observed predominance of progenies with diploid chromosome numbers and considered that it possibly resulted from predominant fertilization of n pollen or selective elimination of pollen or zygotes having unbalanced number.
Many abnormal seeds whose endosperm was thicker and softer than that of normal seeds were observed in crosses of the diploid x N 2 O-treated plants. Most of the cultured embryos grew on MS medium and formed bulbets 4 months after culture. Bulblet production rate per cultured embryos ranged from 50 to 96.7% (data not shown). Thereafter, ploidy levels of the obtained bulblets were observed using flow cytometer and bulblets were tentatively classified to ploidy levels (diploid or triploid) closed to their relative DNA contents. There were a few abnormal seeds in crosses of diploid x diploid and the ploidy levels of them were diploid, whereas most of the bulblets obtained from crosses of the N 2 O-treated pollen were tiploids and some were tetraploid and aneuploid (data not shown).
Utilization of N 2 O Treatment in Plant Breeding
Nitrous oxide has been applied to zygotes as a polyploidizing agent in several crops. However, there is no report to induce unreduced male gametes with N 2 O. Nitrous oxide is suitable for treating organs inside tissues like anthers because the gas can simply permeate and then tissues are released from a harmful aftereffect as soon as the gas is removed (Östergren, 1954; Kato, 2002) . Since we need to determine the meiotic stage in plant material before treatment, plant species having big anthers, such as tulip, have an advantage in the determination of meiotic stage, compared to species having small flowers and inflorescences in which the flowers represent a continuous series of various developmental stages. Nitrous oxide gas could provide a useful approach to generating 2n pollen, not only in tulip breeding, but also in other crops.
CONCLUSIONS
Usefulness of embryo rescue techniques such as direct ovule culture and ovary-slice culture followed by ovule culture has been proven through production of unique interspecific hybrids. Alternatively, embryo culture is also useful to rescue abortive embryos obtained from the interspecific hybridization. These two embryo rescue techniques are useful to overcome post-fertilization barrier. Pre-fertilization barriers occur through the failure of pollen to germinate or arrest of pollen tubes and failure of pollen tubes to enter the micropyle. In tulips, various kinds of pre-fertilization barriers are identified (Van Creij et al., 1997b) . Constant temperature (15°C) has been shown to promote seed set in the interspecific crosses of tulips (Kho and Baër, 1971) , although there are no effective methods to overcome pre-fertilization barriers in tulips. To some extent, it is possible to bypass post-fertilization barriers by using embryo rescue techniques, but overcoming of pre-fertilization barriers is still an important problem in the interspecific hybridization of tulips.
The followings are the reasons why most of Darwin Hybrids are triploids; i) if there are diploids and triploids in the primary culture of seedlings, breeders chose triploids because of vigorous growth and ii) if a high ratio of triploid occurs in the first generation.
The use of nitrous oxide gas enables breeders to use all tulip cultivars as a 2n pollen donor. This means that large genetic variations included in cultivated tulips can be recombined in N 2 O-treated diploid pollen and can be used in polyploid breeding.
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